The effects of attrition on sandy and silty Pb-contaminated soil from shooting ranges were quantitatively investigated. The abrasion rate could be quantitatively evaluated using a population balance model from the size distribution of soil particles before and after attrition in an intensive mixer. The maximum abrasion rate was 0.047 µm/s in the first stage of attrition (1 min of grinding), and then declined between 2 and 4 min of grinding. The two samples had similar maximum abrasion rates, but the decline in the abrasion rate was larger in the silty soil, which would have a thinner soft layer on the surface of the soil particles, than the sandy soil. The incremental change in the mass fraction of Pb in the <20 µm particle size fraction increased proportionally with the abrasion thickness from the surface of the soil particles. Although the Japanese regulatory standard for the Pb concentration in soil (150 mg/kg) was not met for either sample, the Japanese regulatory standard for the concentration of leached Pb (0.01 mg/L) was met for silty soil after attrition. Sequential extraction using Tessier's procedure for the >20 µm size fraction before and after attrition showed the attrition was more effective for the oxides or organic-bound species and carbonate species of Pb chemical forms.
Introduction
The decontamination and remediation of contaminated soils has become more important in Japan, especially after the enforcement of the Soil Contamination Countermeasures Law in 2003. 1, 2) Heavy metal contamination to soil exists at many industrial and mining sites throughout the world. Lead (Pb) is one of the most frequently encountered contaminants in soil.
35) Spent pellets from shooters at shooting ranges have resulted in severe Pb contamination of soil. 6, 7) Several sites where the Pb concentration exceeds 10,000 mg/kg have been reported. 8, 9) Pb contamination in soils has the potential to cause a variety of environmental problems in plants, animals and humans.
1012) For example, lead poisoning caused by ingestion of pellets has been reported in whooper swans and tundra swans. 14, 15) Soil washing is an ex situ soil remediation technology that is based on mineral processing techniques such as grinding and sieving. 1618) Most organic or inorganic contaminants tend to bind, either chemically or physically, to clay, silt, and organic soil particles, which are generally attached to sand or gravel particles by physical processes such as compaction and adhesion. 19) Reduction of soil contamination then occurs through particle size separation. In the soil washing processes, fine clay or silt particles are washed and separated from the coarser sand or gravel soil particles, and the contaminants are concentrated into a smaller volume of soil mainly consisting of fine particles that can be disposed of. However, a shortage of landfill sites for disposal means that more efficient washing and reduction of the quantity of contaminated soil are required.
When a spent pellet is released in the soil, its metallic Pb surface is gradually oxidized to PbO and subsequently transformed into carbonate phases such as PbCO 3 . In contaminated soils under aerobic conditions, Pb is often advected as carbonate-or phosphate-bound phases. 9, 20, 21) If these Pb phases exist on the surface of soil particles, attrition, in which only the surface is removed from the soil particles, is one of the most effective mechanical methods to remove the Pb and reduce soil contamination. Although the attrition process also generates wastewater containing Pb as other physical or chemical remediation technologies, there is little change in physical, chemical and biological nature of the washed soil after the attrition.
Montinaro et al. 22) reported that ball milling without any additives could reduce the leachable fraction of cadmium or zinc from contaminated soils. Orumwense 23) and Schaaff et al. 24) used a stirrer mill with milling media to investigate the application of attrition to metal-and oil-contaminated soil, respectively. In their observations, both attrition and bulk grinding occurred because the milling media had sufficient energy to break the soil particles. Bayley and Biggs 25) reported the most appropriate conditions for an attrition scrubber without milling media for treatment of oilcontaminated soil. Although some researchers have evaluated mechanical treatment processes, including attrition, for the treatment of contaminated soil, 2628) the mechanism of attrition and specific effects of various factors on attrition have not been evaluated quantitatively.
The objective of this study was to quantitatively evaluate attrition using an intensive mixer for the treatment of Pb contaminated soil from shooting ranges. Pb contaminated soils from two different shooting ranges in Japan were used for this investigation, one of which was sandy and the other was silty. To quantitatively evaluate the effects of attrition, the attrition rate was estimated from the change in the particle size distribution at different grinding times and the liquid/ solid ratio using a population balance approach, which was based on the kinetic theory of abrasion. 29, 30) The most appropriate conditions for the intensive mixer, including the liquid/solid ratio and grinding time, were determined to +1 maximize attrition of Pb from the contaminated soil. The classic and basic five-step sequential extraction procedure proposed by Tessier et al. 31) to determine the speciation of heavy metals in geochemical phases was applied to evaluate the specific effects of attrition on the various forms of Pb in the contaminated soil.
Experimental Procedure

Soil characterization
Pb contaminated soil was collected from two different shooting ranges in Japan. The average sampling depth was 10 cm. The coarsest material (+2 mm) in the soil sample was screened out before soil characterization or attrition experiments to remove spent pellets or their parts. The soil was then air-dried to a water content of approximately 10% and divided into samples using the cone and quarter method or a chute riffle. Part of the sample was wet-screened into five fractions, in which the smallest fraction was <20 µm. The samples were decomposed in aqua regia and the concentration of Pb was determined by inductively coupled plasma atomic emission spectrometry (ICP-AES) (SPS-4000, Seiko Instruments, Chiba, Japan; and IRIS-AP, Seiko Instruments, Chiba, Japan). Additionally, the compositions and chemical forms of the samples were measured with X-ray fluorescence (XRF) (PW1480/1404, PANalytical, Tokyo, Japan) and Xray diffraction (XRD) analysis (Geiger flex RAD-IR, Rigaku, Japan).
Sequential extraction procedure
Speciation of Pb in the two samples was determined using Tessier's procedure. 31) Based on the laboratory equipment and operating conditions available, Tessier's method was modified as follows.
(i) Ion exchangeable species: The sample (0.5 g) was placed in a 15 mL centrifugal tube. Four milliliters of 1 mol/L NaAc solution was added (pH 8) and the tube was shaken at room temperature for 1 h. The sample was then centrifuged for 30 min at 2000 rpm, followed by suction filtration through a 0.45 µm membrane. The Pb concentration in filtrate was analyzed by ICP-AES.
(ii) Carbonate species: Four milliliters of 1 mol/L NaAc solution adjusted to pH 5 with acetic acid was added to the residue in the centrifuge tube. The suspension was shaken and extracted at room temperature for 5 h, and then the Pb concentration in filtrate was analyzed after centrifugal separation and suction filtration as detailed above.
(iii) Oxide bound species: Ten milliliters of 0.04 mol/L NH 2 OH·HCl adjusted to pH 2.0 with 25% acetic acid solution was added to the residue. The mixture was stirred at hourly intervals with continuous shaking for 6 h at 95°C. The Pb concentration in filtrate was analyzed after centrifugal separation and suction filtration as detailed above.
(iv) Organic bound species: One and a half milliliters of 0.02 mol/L HNO 3 and 2.5 mL of a 30% H 2 O 2 aqueous solution adjusted to pH 2.0 were added to the residue. The mixture was stirred at hourly intervals and shaken continuously for 2 h at 85°C. Then another 1.5 mL of 30% H 2 O 2 was added and the suspension was stirred and shaken under the same conditions for 3 h. After cooling, 2.5 mL of 3.2 mol/L NH 4 Ac and 0.50 mL of 1 mol/L HNO 3 with 7.5 mL of distilled water were added and the suspension was shaken for 30 min. The Pb concentration in the filtrate was analyzed after centrifugal separation and suction filtration as detailed above.
(v) Insoluble species: The Pb contained in the residue was extracted using aqua regia. The Pb concentration in the filtrate was analyzed after centrifugal separation and suction filtration as detailed above.
Leaching test
A leaching test (Japanese standard leaching test No. 46, JST #46) was performed with the >20 µm size fraction before and after attrition. In JST #46, 50 g of sample and 500 mL of distilled water were placed in a 1000 mL polyethylene container and shaken horizontally at 200 rpm with a shaking width of 4 cm for 6 h. The Pb concentration in the filtrates was analyzed by ICP-AES after suction filtration through a 0.45 µm membrane.
Attrition experiments
An intensive mixer (R02 type, Eirich, Germany) with a total volume of 5 L was used for all the attrition experiments. The intensive mixer had a mechanical overhead stirrer, which was located eccentrically in the mill pot. Both the stirrer and mill pot were inclined at 30°from vertical, and the mill pot rotated in the opposite direction to the stirrer. We previously performed a computer simulation for soil particle behavior in the intensive mixer using the discrete element method (DEM).
32) DEM simulation results showed that collision in the tangential direction between soil particles was major because soil particles moved in a figure of eight near the stirrer in the intensive mixer. The tangential collision would induce abrasion on the surface of soil particles in the intensive mixer.
In attrition experiments, appropriate quantities of the soil sample and water were added to the mixing vessel so that the total mass of the soil and water equaled 3 L. The liquid/ solid mass ratio and grinding time were adjusted to 0.200.30 and 14 min, respectively. Because results from preliminary experiments showed increased rotation speed caused bulk grinding in addition to attrition, the rotational speed was set to the lowest setting for the intensive mixer used in this study (900 rpm).
Soil samples after the grinding experiments were wetscreened into five fractions, followed by Pb concentration analysis using ICP-AES after decomposition with aqua regia. Sequential extraction by Tessier's procedure (detailed above) was also performed on the soil samples after grinding for each particle size fraction.
All chemical analyses in this study were conducted at least in triplicate and the error was confirmed to be within 1%.
Population balance model of abrasion
The kinetic theory of grinding, which consists of integral and differential equations including the concepts of a particle selection function and a particle breakage function, was reviewed by Austin 29) and details of the abrasion model were described by Ouchiyama et al. 30) Briefly, in this model the abrasion mechanism is simplified because degradation of a particle occurs at a linear rate relative to the grinding time, and a large number of very fine daughter particles are produced. This is given by:
where x and y are the dimensionless size of a particle and T is the dimensionless grinding time, which is defined as follows:
where d is the particle size, D max is the maximum size of the particles, t is the grinding time and K is the abrasion rate. The undersize distribution (Q(x, T) in eq. (1)) represents the mass fraction of particles smaller than size d, and is expressed as:
where g(x, T) is the mass frequency size distribution function. In this study, eqs. (1)(3) were solved numerically using the trapezoidal method for the integral equation and the finite difference method for the differential equation. The undersize distributions of the soil particles for samples A and B before attrition were used as boundary conditions, Q(x, 0). The undersize distribution at a specific grinding time, Q(x, T), was fit to the observed data after attrition experiments by the least-squares method, with the dimensionless grinding time, T, as the fitting parameter. The abrasion rate, K, was obtained from the dimensionless grinding time from eq. (2).
Results and Discussions
Soil characterization
As shown in Fig. 1 , the Sample A was a sandy soil and the major particle size fraction was 0.30 to 1.2 mm. Sample B was a silty soil and the major particle size fraction was <20 µm. High concentrations of Pb, which exceeded the Japanese regulatory standard (150 mg/kg), were found in all particle size fractions of both samples. The Pb concentrations in samples A and B were 6550 and 1489 mg/kg, respectively. Table 1 shows the mass fraction of each element in samples A and B obtained from XRF analysis. Both samples contained common soil components such as Si, Al and Fe, but sample B contained more minerals, including K, Ca, Mg and Na, than sample conducted for each size fraction of the samples. From a XRD analysis, quartz, albite, kaolinite, phlogopite and clinochlore were observed in both samples A and B. Additionally, a clear peak for anorthite was detected for sample B. The Pb mineral cerrusite was detected in sample A, but no Pb minerals were detected in sample B. These results show that sample B contains more clay minerals, which resulted in the higher K, Ca, Mg and Na contents than sample A. the particle size distribution barely changed, while the soil mass ratio in the <20 µm of size fraction increased. This means that effective attrition, or grinding of the surface, occurred in the intensive mixer and the coarser soil particles were broken down and had their surface removed and ground into fine particle fractions. In sample A, the most effective attrition was achieved with a liquid/solid mass ratio of 0.25 (Fig. 2) . In general, although an appropriate water content is necessary for effective attrition, because the torque is increased by water binding soil particles to each other, too much water reduces the grinding energy from the stirrer and hinders energy propagation to the soil particles. However, soil clump formation was confirmed at a liquid/solid mass ratio of 0.20 in this study. Bayley and Biggs 25) also reported formation of soil clumps when the liquid/solid mass ratio decreased. In sample B, the attrition was not so sensitive to the liquid/solid mass ratio in the range of 0.200.30 (Fig. 3) .
Effects of liquid/solid ratio and grinding time
Figures 2 and 3 also show the mass fraction of Pb in each particle size relative to the overall Pb content in the soil. Compared to before attrition, the Pb mass fraction increased after attrition in the finest size fraction (<20 µm) but decreased in the other size fractions. In sample A, the largest increase (2.3 times) in the mass fraction of Pb after attrition compared to before attrition in the <20 µm size fraction was with a liquid/solid mass ratio of 0.25. This corresponds to the liquid/solid mass ratio that produced the most effective abrasion. These results show that attrition was effective for Pb removal from coarse soil particles, and that Pb enrichment occurred in fine soil particles. In sample B, the Pb removal from coarse soil particles and Pb enrichment in fine soil particles were not so sensitive to the liquid/solid mass ratio. The Pb mass fraction in the <20 µm particle size fraction was 2.0 times more concentrated after attrition than before attrition with all liquid/solid mass ratios. This occurred because the attrition in sample B was not sensitive to the liquid/solid mass ratio.
Figures 4 (sample A) and 5 (sample B) also show the undersize distribution and the mass fraction of Pb relative to the overall Pb content in the soil at various grinding times. In these experiments, the liquid/solid mass ratio was fixed at 0.25 and grinding time was 1, 2 or 4 min. In sample A, the undersize distribution shows that abrasion advanced rapidly until 1 min, and this was followed by slow abrasion until 4 min. In sample B, abrasion was almost complete at 1 min, and further abrasion was minimal after this. Although the specific reason for these differences between samples A and B is unknown, the soil particles in sample B would have a thinner soft layer on their surface and a harder core than those sample A.
Quantitative evaluation of attrition for Pb removal
Figures 25 also show the simulation results (solid line) using the population balance model of abrasion described by eqs. (1)(3), where the dimensionless grinding time, T, was treated as a fitting parameter to the experimental results. Good agreement between the experimental and simulation results was achieved, especially for sample A. The dimensionless grinding time obtained from the fitting procedure and the abrasion time, K, calculated from eq. (2) D max = 2 mm, are shown in Table 2 . The abrasion rate shown in Table 2 is the average value obtained over the grinding time. The largest abrasion rate (0.047 µm/s) was obtained after 1 min of the grinding in both samples A and B. After this time the abrasion rate decreased drastically as the grinding time increased. The abrasion rate after 2 or 4 min of grinding in sample B was smaller than that in sample A.
These results show that the soil particles in sample B have a thinner soft layer on the surface and a harder core than those in sample A. The size distribution of the soil particles would not be as sensitive to attrition because the same abrasion rate was observed in the early stages of attrition for both samples of A and B. Figures 25 show the mass fraction of Pb in the >20 µm particle size fraction decreased in both samples A and B. However, it still did not meet Japanese regulatory standards for the Pb concentration in soil (150 mg/kg) because both samples originally had considerably high Pb contents (6550 mg/kg for sample A, 1489 mg/kg for sample B). However, the >20 µm particle size fraction in sample B was within the Japanese regulatory standard for Pb leached concentration (0.01 mg/L) after attrition. The results from the leaching test (JST #46) in the >20 µm particle size fraction before and after attrition are shown in Table 3 . The attrition conditions were a liquid/solid mass ratio of 0.25 and grinding time of 2 min. After attrition in the intensive mixer, the concentration of leached Pb in sample A decreased by almost a half and that in sample B decreased below measurable limits. These results suggested that the leachable Pb content was concentrated in the soft layer on the surface of the soil particles, and that the core of the soil particles in sample B was harder that in sample A. Figure 6 shows that the relationship between the abrasion thickness and incremental changes in the mass faction of Pb the <20 µm particle size fraction. The abrasion thickness was calculated from the abrasion rate, K, multiplied by the grinding time, t. The incremental changes in the mass faction of Pb were calculated from the incremental changes in the mass of Pb divided by the total mass of Pb in the soil. The mass fraction of Pb in the <20 µm particle size fraction increased roughly in proportion to the abrasion rate. Interestingly, the ratio of Pb enrichment in the <20 µm particle size fraction per unit of abrasion thickness was 0.098 µm ¹1 (dashed line in Fig. 4) , and this was similar for samples A and B. This result suggests the mass fraction of Pb contained in the soft layer on the surface of the soil particles is similar in the two samples. In sample A, the mass fraction of Pb in the <20 µm particle size fraction increased in proportion to the abrasion rate until an abrasion thickness of 4 µm, but further abrasion over 4 µm did not cause further Pb enrichment. In sample B, Pb enrichment was almost complete by an abrasion thickness of about 3 µm, and further abrasion did not occur with these samples. As suggested by earlier results, this result indicates that the soil particles in sample B have a thinner soft layer and a harder core than those in sample A. 
Effect of Pb speciation
Sequential extraction by Tessier's procedure was used to determine the Pb speciation in the >20 µm particle size fraction before and after attrition for both samples A and B (Fig. 5) . In these experiments, the attrition conditions were a liquid/solid mass ratio of 0.25 and grinding time of 2 min. Several researchers have reported the Pb speciation in contaminated soil from shooting ranges. Cao et al. analyzed the weathered soil of a shooting range with XRD to confirm the presence of Pb carbonates such as hydrocerussite (Pb 3 (CO 3 ) 2 (OH) 2 ) and cerussite (PbCO 3 ). 9) More recent investigations with X-ray absorption fine structure spectroscopy have revealed the presence of Pb sorbed with organic matter and Fe or Mn oxide minerals in the weathered soils from a shooting range. 20) In this study, high concentrations of Pb carbonate species (form (ii)), oxide bound species (form (iii)) and organic bound species (form (iv)) were found in samples A and B before attrition. In sample B, the concentration of insoluble Pb species (form (v)) was also high because the soil particles in sample B were more silty and harder than those in sample A.
In Fig. 7 , the y-axis shows the mass fraction of Pb in the >20 µm particle size fraction relative to the total Pb content of the soil. After attrition, the Pb concentration in the >20 µm particle size fraction decreased in samples A and B because of Pb removal from this size fraction and Pb enrichment in the <20 µm particle size fraction. Figure 5 shows that the Pb concentration decreased particularly in oxide or organic bound species and carbonates species in samples A and B. Consequently, these species were the major chemical forms of Pb in the soft layer on the surface of the soil particles, which corresponds to the major forms found in the weathered soil. Therefore, attrition would be an effective method for treatment of weathered soil containing Pb carbonates or other oxide or organic bound species.
Conclusion
The effects of attrition on sandy and silty Pb-contaminated soil from shooting ranges were investigated. After attrition in the intensive mixer, the concentration of leached Pb in sandy soil decreased by almost a half and that in silty soil decreased below measurable limits. These results suggested that the leachable Pb content was concentrated in the soft layer on the surface of the soil particles. Sequential extraction using Tessier's procedure for the >20 µm size fraction before and after attrition showed the attrition was more effective for the oxides or organic-bound species and carbonate species of Pb chemical forms.
A quantitative evaluation of the abrasion rate became possible by a population balance model from the size distribution of soil particles before and after attrition. The maximum abrasion rate was 0.047 µm/s in the first stage of attrition (1 min of grinding), and then declined between 2 and 4 min of grinding. The two samples had similar maximum abrasion rates, but the decline in the abrasion rate was larger in the silty soil, which has a thinner soft layer on the surface of the soil particles, than the sandy soil. Relationship between the abrasion thickness from the surface of the soil particles and incremental change in the mass fraction of Pb in the <20 µm particle size fraction.
